Spatial and Temporal Expression of a Polysphondylium Spore-Specific Gene  by Gregg, Keqin Y. & Cox, Edward C.
1Developmental Biology 224, 81–95 (2000)
doi:10.1006/dbio.2000.9768, available online at http://www.idealibrary.com onSpatial and Temporal Expression of a
Polysphondylium Spore-Specific Gene
Keqin Y. Gregg1 and Edward C. Cox2
333 Moffett Laboratories, Department of Molecular Biology, Princeton University,
Princeton, New Jersey 08544
In the cellular slime mold Polysphondylium spherical masses of cells are periodically released from the base of the
culminating sorogen. These whorls undergo a morphogenetic transformation from spherical to radial symmetry,
marked by the early emergence of a radially symmetric prepattern on the whorl surface. In previous experiments,
morphogenesis was followed by observing prestalk cell markers. Here we describe the isolation and characterization
of a spore coat gene whose expression pattern is the negative image of the prestalk pattern. To study the molecular
mechanism of sp-45 gene regulation, we have cloned and analyzed the sp-45 promoter. Deletion analysis localized a
single positive regulatory element (PRE) to a 106-bp fragment between positions 2246 and 2352 of the upstream coding
sequence. This fragment can be further divided into a promoter-proximal and promoter-distal PRE and a 29-bp sequence
between them. The distal PRE can regulate prespore expression when fused to a nonfunctioning basal promoter. The
distal PRE contains two adjacent essential elements, a Gr box (GTGATATAGTGG) and a TA box (TAATATATT). Each
element can drive prespore cell-specific reporter gene expression independently when incorporated into a nonfunc-
tional promoter. Our results also show that prespore cell-specific gene expression is solely under positive regulation,
with no evidence for spore-specific enhancers or cis-acting negative regulatory elements. By fusing GFP to the
C-terminus of sp-45, we have demonstrated that the graded gene expression of SP45 in the sorogen is regulated by a
sequence lying within the sp-45 coding sequence. The temporal and spatial expression pattern of this protein, taken
together with the prestalk expression pattern, demonstrates unambiguously that the radial symmetries that emerge in
the whorl are established by a system of positional coordinates and that cell sorting plays little if any role in this
process. © 2000 Academic Pressa
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(INTRODUCTION
The development of multicellular organisms involves the
organization and patterning of different cell types. This
process requires that individual cells respond to inductive
signals and initiate cascades of gene expression that ulti-
mately influence cellular differentiation and directed cell
movement. The cellular slime molds are good model sys-
tems for studying one aspect of this process, the organiza-
tion of a multicellular organism from an initially random
state. Early in the cellular slime mold life cycle, randomly
dispersed amoebae feed on bacteria, grow, and divide. Upon
starvation, they move together and form multicellular
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All rights of reproduction in any form reserved.ggregates. Since there is no cell division during develop-
ent, pattern formation is exclusively the consequence of
ell differentiation and organized cell movement. These
ggregates then go through a series of morphogenetic
hanges, finally forming mature fruiting bodies composed
f two cell types, stalk and spore cells.
The fruiting bodies of different slime mold species ex-
ibit different levels of spatial complexity. Dictyostelium
pecies form a simple fruiting body with a droplet of spores
upported by a slender column of dead stalk cells. The
ruiting bodies of Polysphondylium species are more com-
lex, with a main stalk and spore head and, in addition,
horls of small fruiting bodies arrayed at right angles to the
ain stalk. The mature fruiting body looks somewhat like
small pine tree, and in some Polysphondylium species,
hese secondary branches contain whorls of their own
Raper, 1984). The distance between whorls in Polysphon-
ylium pallidum, and the radial distribution of arms within
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82 Gregg and Coxwhorls, is under genetic control and is highly ordered (Cox
et al., 1988).
Radially symmetric branches within a whorl arise from a
ball of cells released from the base of the maturing fruiting
bodies as the whorl mass escapes the influence of an
inhibitor produced at the tip of the main sorogen (Byrne et
l., 1982). This new symmetry emerges from a prepattern
stablished before there has been visible morphogenetic
hange on the surface of the whorl mass. The prepattern
riginates when cells on the surface of a freshly released
horl mass amplify prestalk genes and proceeds by a
ell-defined pathway as prestalk gene regulation becomes
estricted to a band around the equator of the whorl mass
nd then to a series of randomly distributed patches, fol-
owed by the amplification of only those patches that are
adially symmetric (Byrne and Cox, 1986, 1987). At this
tage, tips expressing stalk-cell genes become visible, and
hey organize secondary sorogens. The genesis of the tip
repattern can be satisfactorily modeled by a nonlinear
eaction diffusion scheme (Byrne and Cox, 1986; McNally
nd Cox, 1989).
The evidence for whorl morphogenesis related above
uggests that the radial coordinate system in the secondary
ruiting body of P. pallidum might be established in the
bsence of cell sorting, purely by positional information.
his hypothesis indicates that any given cell-type-specific
ene must be able to respond to two different sets of
evelopmental signals, and the expression of the cell-type-
pecific genes must be subject to rapidly reversible regula-
ion. In previous work, we studied a stalk-cell-specific gene
xpression during morphogenesis (Gregg et al., 1996). Noth-
ng is known about prespore-cell-specific gene expression
nd regulation of this process. Here we report on the
solation and characterization of a spore-cell-specific gene,
p-45, which codes for a cysteine-rich protein orthologue of
Dictyostelium spore coat protein. We have shown that the
patial and temporal distribution of sp-45 message detected
y in situ hybridization is the mirror image of stalk gene
xpression. To study the regulation of sp45, we have iso-
ated its promoter and analyzed cis regulatory elements
ithin it. Our results reveal that sp-45 expression is con-
rolled by a positive regulation mechanism. Cell-type-
pecific activation sites are clustered in a 106-bp positive
egulatory element (PRE) lying upstream of the mRNA start
ite. It can be subdivided into promoter-proximal and -distal
REs. Substitution mutation analysis shows that the G-rich
nd the AT-rich regions in the distal PRE are essential for
romoter activity and that destruction of a potential palin-
rome within the PRE does not abolish promoter activity.
ur results also suggest that the coding region of sp-45
ontains a regulatory element required for the graded ex-
ression of sp-45 in the sorogen. The spatial regulation of
p-45 message and the distribution of an SP45:GFP fusion
rotein shed new light on the emergence of the whorl
repattern. l
Copyright © 2000 by Academic Press. All rightMATERIALS AND METHODS
Preparation of Cell Membrane Proteins and
Generation of Polyclonal Antibodies
P. pallidum PN500 cells were grown, starved, and harvested as
previously described (Gregg et al., 1996). Sorogens were collected and
disaggregated by passage through a 21-gauge needle in 5 ml protease
inhibitor buffer (10 mM Tris–HCl, 40 mM Na pyrophosphate, 0.4 mM
DTT, 2 mM EDTA, 1 mM EGTA, 5 mM 1,10 phenanthroline, 0.05%
ethanol, 0.57 mM phenylmethylsulfonyl fluoride, pH 7.4). Cells at a
concentration of 1 3 109 ml21 were transferred to a 15-ml centrifuge
tube and lysed by sonication for 3 min at ice bath temperature. The
cell lysate was then centrifuged at 400g for 10 min at 4°C to remove
nbroken cells and nuclei. The supernatant was centrifuged at 100Kg
or 1 h at 4°C and the pellet extracted with 1 ml 4 M urea, pH 7.0, at
oom temperature for 1 h. After urea extraction, 4 ml protease
nhibitor buffer was added to the sample and the mixture was
entrifuged at 100Kg for another hour. The pellet was rinsed briefly
ith PBS buffer and resuspended in 1 ml PBS. Aliquots of the protein
about 300 mg per fraction) were used to immunize rabbits as described
Harlow and Lane, 1988). After two boosts at 4-week intervals, the
erum was collected and passed through a column made by conjugat-
ng total sonicated Escherichia coli protein to Affi-Gel 10 beads
ccording to the manufacturer’s protocol (Bio-Rad). This preparation
as used to screen the lgt11 cDNA expression library described below.
cDNA Library Screen
A lgt11 cDNA expression library was prepared with RNA
isolated from culminating sorogens of P. pallidum PN500 accord-
ng to the manufacturer’s protocol (Stratagene). The library was
creened by standard methods with the partially purified rabbit
olyclonal antisera described above (Young and Davis, 1983).
ositive clones were collected and their cDNA inserts amplified by
CR with lgt11 forward and reverse primers.
DNA Sequencing
An sp-45 cDNA fragment containing 80% of the entire coding
sequence was amplified by PCR from lgt11 clone 45 identified in
he antiserum screen. The 59 end was obtained by 59 RACE (Innis
t al., 1990). A 1522-bp fragment was then isolated by PCR with a
air of sp-45-specific primers from the 59 and 39 ends of the
omplete cDNA. Sequencing was by primer walking, using four
rimers to sequence the entire fragment.
In Situ Hybridization
The spatial distribution of sp-45 mRNA in whole mounts from
different developmental stages was detected by in situ hybridiza-
tion as previously described (Gregg et al., 1996) using a 1221-bp
cDNA fragment as probe.
Cloning the sp-45 Promoter
The upstream sequence of sp-45 was isolated by a PCR tech-
ique developed during this research. Southern blot analysis de-
ected a 6-kb EcoRI fragment containing sp-45. Based on this result,
enomic DNA was digested with EcoRI and separated on a 0.8%
ow-melting-point agarose gel. The region of approximately 6 kb
s of reproduction in any form reserved.
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83Expression of a Polysphondylium Spore-Specific Genewas cut out and the agarose melted at 67°C for 10 min. Approxi-
mately 150 ng of the fragment in 10 ml ligation buffer was then
mixed with 20 ng of EcoRI-digested and dephosphorylated vector
[(Bluescript SK(2)] and ligated overnight at 16°C in a 20-ml reaction
volume. Two microliters of the ligation was then used for PCR
with T7 primer and an sp-45-specific inverse primer complemen-
tary to the 59 end of the cDNA using the Expand Long Template
PCR system (Boehringer Mannheim). A 2.2-kb fragment was then
isolated and both strands were sequenced.
The Generation of Site-Specific Internal Deletions
and Mutations by Inverse PCR
Site-specific internal deletions and substitution mutations were
generated by a modified inverse PCR method (Hughes and An-
drews, 1996). The sp-45 promoter (Psp-45) fragment was cloned into
luescript SK(2) at the EcoRI and BamHI sites. To create deletions,
airs of inverse PCR primers were designed with the 59 ends of the
primers adjacent to the 39 ends of the deletion end points. For
substitution mutations, inverse primers that carried the altered 59
sequences were designed. PCR was with the Expand Long Tem-
plate PCR system (Boehringer Mannheim). Twenty microliters of
the PCR product was gel purified, phosphorylated with T4 kinase,
ligated with T4 ligase, and cloned under standard conditions
(Ausubel et al., 1989). Plasmids carrying the Psp-45 deletions or
mutations were purified and sequenced. Mutated Psp-45 fragments
were then cloned into the GFP expression vector pREMI:GFP at the
EcoRI and BamHI sites (Fey and Cox, 1997). In all cases constructs
were verified by sequencing. These methods allowed us to create
deletions or mutations at any site and of any size.
Promoter Analysis
Promoter activity was studied using GFP as a reporter gene. The
Psp-45-gfp fusion constructs were transformed into P. pallidum
PN500 cells as previously described (Fey et al., 1995). Individual
clones were picked and kept on GYP 200 plates containing 200 mg
ml21 G418 (Gregg et al., 1996). About 10 transformants of each
construct were analyzed by fluorescence-activated cell sorting
(FACS) and confocal microscopy. For FACS analysis, primary
sorogens were harvested and dissociated by mixing in trypsin–
EDTA medium (0.05% trypsin, 0.53 mM EDTA; GIBCO BRL) for
10 min at room temperature and then by passing through a nylon
filter with a 20-mm pore size (Fisher). The dissociated cells were
washed once with 13 PB buffer (8.4 mM Na2HPO4, 8.4 mM
KH2PO4) and analyzed. For confocal microscopy, specimens were
fixed in 2% paraformaldehyde at 4°C overnight before analysis. All
10 transformants gave similar FACS profiles and confocal images,
suggesting that Psp-45-gfp fusion gene expression is stable and
independent of the chromosomal insertion site (Fig. 4 legend; data
not show). To reduce variation in experimental conditions and
genetic background further, 10 independent transformants for each
construct were pooled and analyzed by mixing equal numbers of
cells from each transformant before plating.
SP45:GFP Fusion Protein Analysis
A 2084-bp genomic DNA fragment containing the sp-45 pro-
oter and the entire sp-45 coding region was amplified by PCR
sing an EcoRI-tailed 59 primer, GAATCC2715CACCTGAATCTC-
TCTTC , and a BglII-tailed 39 primer, AGATCTC CCCA-2695 11369
CTATCACATCTGC11351, in which the subscripts refer to the
Copyright © 2000 by Academic Press. All rightcoordinates in Figs. 1 and 3. This fragment was digested with EcoRI
and BglII and cloned into EcoRI- and BglII-digested pREMIGFPS/
T-2 (Fey and Cox, 1997), transformed into Polysphondylium
PN500 cells, and analyzed by confocal microscopy as previously
described (Fey et al., 1995). This construct fuses SP45 to GFP and
places the fusion under control of the entire sp-45 upstream
regulatory region (an unknown open reading frame was detected
just upstream of position 2715; unpublished data). The control
plasmid Psp-45-gfp was constructed by amplifying the entire sp-45
romoter lacking the coding region with the 59 primer described
bove and a BamHI-tailed 39 primer, GGATCC1129ACTCAA-
AATAAATTAAATTAAAGGTGTTGTG1103. The resulting frag-
ent was then digested with EcoRI and BamHI and cloned into
coRI- and BamHI-digested pREMI:GFPS/T-2.
RESULTS
sp-45 Cloning and Structure Analysis
To identify developmentally regulated genes, we per-
formed a sorogen cDNA library screen with polyclonal
antibodies generated against cell membrane proteins of
developing sorogens. Positive clones were then examined
further by Northern blot analysis with RNA isolated from
cells at different developmental stages. Clone 45 contained
a cDNA expressed in sorogens but not in vegetative amoe-
bae. Sequence analysis revealed a single open reading frame
coding for a 395-amino-acid protein, interrupted by a small
intron near the N-terminus, and flanked by the highly
conserved RNA splice sites GT and AG (Fig. 1). Based on
this sequence, and further sequences obtained by 59 RACE,
e isolated a 1522-bp genomic DNA fragment containing
he entire sp-45 coding region and the 59 and 39 noncoding
regions. The intron is 90% AT, very similar to Dictyoste-
lium introns (Kimmel and Firtel, 1983).
sp-45 has a typical eukaryotic signal peptide sequence at
the N-terminus (Fig. 1, blue). This sequence contains a
lysine at the N-terminus followed by a stretch of hydropho-
bic residues (MKTSLLFLFVIIVAV) that could be involved in
membrane insertion and subsequent localization.
A BLAST analysis reveals that sp-45 shows relatively
high homology to some of the Dictyostelium spore coat
protein genes (sp60, sp70, sp87, and sp96), with the highest
similarity being to sp60 (42%). SP45 has three 12-amino-
acid repeats homologous to the prespore consensus se-
quence of D. discoideum (CDNVXCPXGYXC) (Fig. 1)
(Powell-Coffman and Firtel, 1993), demonstrating the evo-
lutionary conservation of this structure. In addition to the
prespore repeats, there is an obvious 26-amino-acid dupli-
cation (Fig. 1, green). Two potential N-glycosylation sites,
residues 325–328 (NCTE) and residues 377–380 (NSSC) are
clustered at the C-terminus. N-glycosylation has been re-
ported for some of the Dictyostelium spore coat proteins
(Tasaka et al., 1990; West and Erdos, 1986; Yoder and
Blumberg, 1994). The noncoding regions at both 59 and 39
ends are AT rich and the translation termination signal is
UAA, commonly found in Dictyostelium genes (Warrick,
1987). The Kozak sequence is AAATGA, which is the same
s of reproduction in any form reserved.
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84 Gregg and Coxsequence found in the Dictyostelium spore gene sequences
sp60, sp70, and sp96 (Fosnaugh and Loomis, 1991). Finally,
Southern blot analysis detected a single copy of sp-45 in the
genome (data not shown).
Developmental Regulation and Spatial
Distribution of sp-45 Message
The temporal regulation of sp-45 expression was exam-
FIG. 1. Top: Sequence of the sp-45 coding region. A possible sign
remainder of the coding sequence by a small intron flanked by th
26-amino-acid sequence repeats (green). Three cysteine-rich repeat
Two potential N-glycosylation sites are boxed. The GenBank acc
repeats and the D. discoideum prespore consensus sequence (revieined by Northern analysis. Low levels of sp-45 expression
Copyright © 2000 by Academic Press. All rightwere first detected in aggregates. The level of sp-45 mRNA
increased during mound formation and peaked in elongat-
ing sorogens. When the cells had developed into fruiting
bodies, the level of sp-45 expression had markedly de-
creased (data not shown).
The spatial distribution of sp-45 was examined by in situ
hybridization. sp-45-expressing cells are first detected in
the center of aggregates mixed with nonexpressing cells
(Fig. 2A). At the mound stage, there is a striking distinction
quence at the N-terminus is shaded blue. It is separated from the
hly conserved GT/AG splice sites (red, lowercase). There are two
hologous to Dictyostelium spore sequences are shown in yellow.
n number is AF245486. Bottom: Alignment of the SP45 prespore
in West et al., 1996).al se
e hig
s ort
essiobetween expressing and nonexpressing cells, with the ex-
s of reproduction in any form reserved.
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85Expression of a Polysphondylium Spore-Specific Genepressing cells forming a ring about the center of the mound
(Fig. 2B). Later, high levels of sp-45 mRNA are located
FIG. 2. The distribution of sp-45 message during development. (A) A
center of the aggregate and in the streams (arrows, inset). Starvation t
surrounding the center of the mound. t 5 8 h. (C) Two fingers showi
(D) Primary culminating sorogens showing graded sp-45 expression.
expression is reduced in the nascent whorl. t 5 15 h. (F) A sorogen w
equatorial band of the nascent whorl (arrow). Expression increases off t
p-45 expression is inhibited in evenly spaced patches (arrows). t 5
xpression in tip cells. t 5 15 h. (I) Secondary sorogens showing contin
(E) and the emergence of nascent secondary tips (G) is approximatelyeverywhere throughout the sorogen, with the exception of
Copyright © 2000 by Academic Press. All rightcells at the tip (Fig. 2C). Moreover, expression is clearly
graded from apex to base (Figs. 2C–2F). In a releasing whorl,
t aggregate showing randomly scattered sp-45-expressing cells in the
5 6 h. (B) A mound demonstrating sp-45 expression in a ring of cells
rong sp-45 expression in the finger body but not in the tip. t 5 10 h.
2 h. (E) A sorogen with a releasing whorl mass showing that sp-45
releasing whorl showing that sp-45 expression is suppressed in the
uatorial axis. t 5 15 h. (G) Two recently released whorls showing that
. (H) A whorl with secondary tips illustrating the absence of sp-45
p-45 expression. t 5 15 h. The time between nascent whorl formation
in at 20°C. Scale bar, 100 mm.tigh
ime t
ng st
t 5 1
ith a
he eq
15 h
ued sthe expression of sp-45 is reduced, initially in most of the
s of reproduction in any form reserved.
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86 Gregg and Coxcell mass (Fig. 2E), but with time, expression increases
again everywhere but the equatorial region of the nascent
whorl (Fig. 2F). In older whorl masses, cells outside evenly
spaced patches begin sp-45 expression (Fig. 2G). sp-45
essage is absent in the secondary tips of a whorl that has
ormed obvious secondary fingers (Figs. 2H and 2I).
Cloning the sp-45 Promoter
To study the regulation of sp45, we cloned the promoter
of this gene by a PCR-based method as described (see
Materials and Methods). A 2.2-kb DNA fragment upstream
of the sp-45 coding sequence was obtained, and sequence
nalysis revealed an 847-bp noncoding region between the
top codon of an upstream open reading frame and the ATG
nitiation site of sp-45. Most of this region is AT rich, with a
ew scattered GC-rich sites. The transcription start site of
p-45 was determined by 59 RACE (Innis et al., 1990) and
arked as 11. A potential TATA box is located at 247 (Fig. 3).
The 847-bp fragment was fused to gfp to test for promoter
ctivity, especially to determine if there are both positive
FIG. 3. The upstream sp-45 spore gene sequence. The transcriptio
is boxed, as is the start site for translation at position 1133. Six G
shaded gray, and a potential Harwood element (TTGATCAA) is und negative regulatory elements in this sequence. A com- f
Copyright © 2000 by Academic Press. All rightlete analysis of a transformant carrying the entire frag-
ent is illustrated in Fig. 4. The analysis described in detail
ere was used throughout the rest of this communication.
There are several noteworthy features illustrated by Fig.
. First, background fluorescence of the untransformed
ild-type strain, PN500, is very low, and this has allowed
s to detect low levels of promoter activity. Second, GFP
xpression is tightly regulated, appears only upon starva-
ion, and is expressed in prespore and spore cells only (Figs.
A and 4B). And third, approximately 50% of the cells in
ulminating sorogens express GFP. This fraction is typical
or our data and is not strain or transformant dependent.
GFP-expressing cells were first observed scattered ran-
omly in the center of loose mounds (Fig. 4Ba). Later,
trongly expressing cells appear in the sorogen body, and
on-GFP-expressing cells are located in the primary sorogen
ip (Figs. 4Bb, 4Bc, and 4Bd). In the released or releasing
horl, GFP distribution appears to be random (Fig. 4Be).
igh levels of GFP were also observed in spores (Fig. 4Bf).
hese results clearly demonstrate that the 847-bp fragment
ontains the sp-45 regulatory region and that it is sufficient
rt site is labeled 11. A potential TATA sequence at position 247
h regions are labeled in green. The positive regulatory element is
ined. The GenBank accession number is AF245486.n sta
C-ricor spatial and cell-type-specific gene regulation.
s of reproduction in any form reserved.
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87Expression of a Polysphondylium Spore-Specific GeneThere Is a Single Positive Regulatory Element
in the Promoter
A sequential deletion analysis was performed to local-
ize regulatory elements in the upstream region. Both the
number of fluorescent cells and their relative fluores-
cence, as well as expression patterns in intact slugs and
culminating fruiting bodies, were measured as outlined
above (Fig. 4). So that strains could be compared, the
levels of expression and the number of expressing cells
were set at 100% for the transformant carrying the entire
upstream sequence.
Deletion of a 194-bp 59 fragment (PD2) removes GC-rich
FIG. 4. Psp-45-gfp expression. (A) FACS analysis of GFP in amo
epresentative confocal images of GFP distribution through the li
ound. (Bb) The finger stage. (Bc, Bd) Culminating sorogens. (Be) C
he base of culminants. (Bf) Two spore masses. The regulatory sequ
n frame to gfp. Six independent transformants gave the same resu
n the sorogen (400 6 12; mean 6 s) and the percentage of the celelements 1 and 2 (Fig. 5A), but has no effect on promoter 1
Copyright © 2000 by Academic Press. All rightctivity, whereas a 469-bp deletion from the 59 end com-
letely abolished it (compare PD2 to PD3, Figs. 5A and 6).
hese results suggest that regulatory elements lie between
246 and 2520.
A series of internal deletions was then analyzed. PD5
arries a 2246 to 2418 deletion, and in this construct both
he number of fluorescent cells and the fluorescence inten-
ity are dramatically reduced. This region was further
ubdivided. Deletion of the region between 2246 and 2366
PD6) abolished promoter activity altogether, whereas de-
eting nucleotides between 2352 and 2418 (PD7) had
lmost no effect. Therefore the PREs appear to reside in the
and culminating sorogen cells of a Psp-45-gfp transformant. (B)
cle. (Ba) GFP cells are scattered randomly in the center of a loose
nating sorogens illustrating the release of secondary sorogens from
used in these experiments was the sequence shown in Fig. 3 fused
ith respect to both the mean fluorescence of GFP-expressing cells
pressing GFP (43 6 5). Scale bars, 100 mm.ebae
fe cy
ulmi
ence
lt, w06-bp interval between 2246 and 2352.
s of reproduction in any form reserved.
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88 Gregg and CoxWhether the sequence between position 2246 and the
putative TATA box contains additional regulatory ele-
ments was analyzed further. A deletion from 285 to 2246
PD8) caused a 40% reduction in promoter activity, but
etained its prespore cell specificity and correct spatial
egulation (Figs. 5A and 6, PD8). PD10 is deleted from 1103
o 2246, removing the potential TATA box. As expected,
hese transformants do not express GFP.
There is a potential Harwood element (TTGATCAA)
ocated at 2460. This sequence is the only known negative
egulatory element identified in the prestalk-specific pro-
oter of Dictyostelium (Harwood et al., 1993). However,
eletion of this element in PD9 has little if any effect on
romoter activity and cell specificity (Figs. 5A and 6).
Since a negative element in the region, once deleted,
FIG. 5. (A) The sp-45 promoter deletion–GFP fusions used in the
airs upstream of the transcription start-site (11). GFP expression
re recorded as % GFP-expressing cells, and mean fluorescence was
et equal to 100%. Distinctive landmarks and coordinates are lab
xtending from 2352 to 2246 is marked. (B) Deletion analysis ofould be expected to up-regulate expression of sp-45 in the f
Copyright © 2000 by Academic Press. All rightrestalk and stalk region, the above results point to a simple
egulatory circuit in which cell specificity, level of expres-
ion, and spatial distribution of cell type are contained in a
ingle short sequence under positive control.
Further Analysis
The deletion assay described above identified a 106-bp
fragment between 2246 and 2352 as the PRE (Fig. 5A).
urther internal analysis of this region revealed that the
RE could be subdivided into promoter-proximal (2246 to
2293) and promoter-distal (2322 to 2352) elements sepa-
rated by a short 29-bp sequence (2293 to 2322) (Fig. 5B).
eletion of this sequence (D1) does not affect expression,
nd the spatial distribution of activity is likewise unaf-
periments. The deletion sites are specified by the number of base
s were determined by FACS at the culminating sorogen stage and
rmined as described for Fig. 4. Intact promoter transformants were
according to Fig. 3. The 106-bp positive regulatory element (PRE)
RE.se ex
level
dete
eledected (Fig. 5B and data not shown). Deletion of the distal
s of reproduction in any form reserved.
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89Expression of a Polysphondylium Spore-Specific GenePRE region (D2) caused a 40% reduction in promoter
activity, and deletion of the proximal PRE and the 29-bp
sequence (D3) reduced expression by 52%. Compared to the
wild-type promoter, these three deletions have lower pro-
moter activity, but with the same prespore cell specificity
(data not shown). Deletion of the distal PRE and the 29-bp
sequence reduced promoter activity to 11% (D4, Fig. 5B).
The number of GFP-expressing cells was also reduced, and
they were scattered randomly throughout the prespore
region (data not shown).
These results suggest that the 106-bp PRE region has a
complex substructure, but in agreement with the results
presented above, one in which regulation, spatial distribu-
FIG. 6. Confocal images of Psp-45 deletions. All images were take
constant gain. The percentage of GFP-expressing cells and the mean
on the right as the numerator and denominator, respectively. Scaltion, and level of expression are all under positive control. a
Copyright © 2000 by Academic Press. All rightlthough the 30-bp distal region accounts for about 40% of
he promoter activity, the function of the proximal region
equires collaboration with the distal or the 29-bp sequence,
ecause deletion of both elements abolished proximal ac-
ivity.
The analysis described above suggested that sp-45 expres-
ion is regulated solely by positive regulation in response to
respore-cell-specific activators. One way to test this hy-
othesis was to see if the PRE could direct prespore-cell-
pecific expression independent of other upstream se-
uences. With this in mind, the 106-bp PRE was fused to
he 59 end of a nonfunctioning minimal promoter–GFP
onstruct (PD4, Fig. 5A), and transformants were again
ultaneously in both reflected bright and fluorescence fields and
rescence of these cells as determined by FACS analysis are recorded
, 100mm.n sim
fluonalyzed. The 106-bp PRE fragment (PAE3) directs
s of reproduction in any form reserved.
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90 Gregg and Coxprespore-cell-specific GFP expression, and the level was
about 40% of wild type (Fig. 7). Interestingly, the 30-bp
element alone (PAE2) is able to direct some cell-type-
specific gene expression in this heavily truncated upstream
regulatory region. This result confirms that sp-45 is under
positive regulation, and there is at last one activation site in
the distal PRE.
A G- and a TA-Rich Element Are Essential
Activation Sites in the Distal PRE
The distal PRE contains three distinguishable regions: a
FIG. 7. PREs can direct cell-specific reporter gene expression inde
was fused to a nonfunctional minimal promoter–gfp construct PD4
was analyzed by FACS and confocal microscopy as described for FG-rich element (Gr box, GTGATATAGTGG), a TA box a
Copyright © 2000 by Academic Press. All rightTAATATATT), and a CA box (CAACACACA) (Fig. 8Aa).
o identify the proposed activation site, we constructed
ubstitution mutations in these three regions using PD2, a
romoter construct equivalent to wild type (Figs. 5A and
Ae). Substitutions for the Gr box or the TA box caused
bout a 50% reduction in promoter activity, equivalent to
he distal PRE deletion effect described above for Fig. 5B
Figs. 8Ab and 8Ac). However, the CA box substitution does
ot affect promoter activity in this genetic background (Fig.
Ad). It appears that the Gr box and the TA box are both
equired for maximum expression.
Analysis of the distal PRE sequence showed that the G-
ent of other upstream sequences. The 106-bp PRE (2352 to 2246)
5). GFP expression in transformants carrying each of the constructs
Scale bar, 100mm.pend
(Fig.nd TA-rich regions could form a potential 19-base stem
s of reproduction in any form reserved.
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91Expression of a Polysphondylium Spore-Specific Geneand loop structure containing a 6-bp stem. Because muta-
tion of either region reduced promoter activity, it is possible
that the palindrome is essential for the activity of this
element. The other possibility is that the two elements
function independently of each other and that deletion of
either one influences the net promoter activity.
To distinguish between these two ideas, we dissected the
19-bp region into fragments and then inserted them sepa-
rately into the deleted region (2246 and 2366) of the
nonfunctional internal deletion construct PD6 (Fig. 8Ae).
Construct Bb has the CA region replaced by AATATCGAT
and contains the intact Gr and TA boxes that allow forma-
tion of the potential palindrome. Construct Bc has only the
Gr region, and Bd has the TA and CA boxes, but no Gr box.
If the palindromic structure were essential for promoter
activity, then both Bc and Bd should not express GFP,
FIG. 8. (A) PRE substitution analysis. (a) Wild type. (b) The Gr box
was replaced with a ClaI and BglII sequence. (c) The TA box was
replaced with a BglII sequence. (d) The CA box was replaced with
ClaI sequence. (e) The framework into which (b–d) were inserted.
B) Distal PRE studied in an inactive promoter background. (a)
ild-type control. (b) The distal PRE sequence with the CA box
ubstitution mutation. (c and d) Either arm of the potential stem
nd loop gives some promoter activity. The native sequence (a) is
hown as a 6-bp stem and loop structure, DG of formation 26.3
cal/mol (Tinoco et al., 1973).because they both contain only half structures. GFP expres-
Copyright © 2000 by Academic Press. All rightion was detected in all three constructs at a reduced level.
ll three directed GFP expression in prespore and spore
ells only (data not shown). Construct Bb, containing the
A box substitution, retained 42% of the wild-type expres-
ion level. The deletion analyses described in Fig. 5B, D2,
uggests that 42% activity represents the full activity of the
istal PRE in its native context, since deletion of this
lement causes 36% reduction of the wild-type activity.
herefore the CA box is not essential for sp-45 promoter
ctivity, in contrast to a report for a similar element in a
respore-specific promoter of Dictyostelium (Haberstroh et
l., 1991). Both constructs Bc and Bd have promoter activity
t reduced levels (Fig. 8B). Confocal microscopy analysis
emonstrated that GFP expression in these transformants
as prespore specific (data not shown).
These results suggest that the potential palindrome is not
ssential for the distal PRE activity and that the Gr and TA
oxes are two independently functioning units that may
ollaborate with the proximal PRE.
The Coding Region of sp-45 Contains
a Regulatory Element
sp-45 mRNA levels in the sorogen body are graded from
sorogen tip to base (Fig. 2). A similar graded distribution of
GFP in Psp-45-gfp transformants is not observed in these
experiments (Figs. 4 and 6). The lack of a gradient of
expression could be the result of missing information in the
coding region of sp-45 or in its 39 UTR. An sp-45–gfp fusion
gene construct under control of the intact sp-45 promoter
Psp-45-sp-45:gfp) in which gfp was fused to the C-terminus of
the entire sp-45 coding sequence was transformed into P.
pallidum and analyzed as before. GFP distribution in these
transformants is graded in a manner similar to endogenous
sp-45 mRNA distribution (Fig. 9). Because Psp-45-sp-45:gfp
shares the same promoter and the same 59 and 39 UTR as
Psp-45-gfp, the graded expression of GFP in the Psp-45-sp-45:gfp
transformants can be a function only of the coding region,
not the 39 UTR.
Characterization of an SP45:GFP Fusion Protein
The data presented above suggest that sp-45 codes for a
spore coat protein, although the evidence so far is indirect.
To confirm spore coat identity, we analyzed the Psp-45-sp-45:
gfp transformants by confocal microscopy. The fusion pro-
tein is found distributed in a pattern mirroring message
localization in the primary sorogen (Fig. 10A). It appears to
localize to vesicles at the early culmination stage (Fig. 10B),
and then is translocated slowly to the cell surface during
sporulation (Fig. 10C). In mature spores, the fusion protein
is localized to the spore coat, appearing as a halo around
each spore (Fig. 10D). In control experiments, where GFP
expression was regulated directly by the sp-45 promoter
(Psp-45-gfp), GFP is still correctly localized to prespore re-
gions of primary and secondary sorogens (Fig. 4), but was
now distributed throughout the cytoplasm (Fig. 10E) and
s of reproduction in any form reserved.
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92 Gregg and Coxmature spores (Fig. 10F). Thus the signals required for
correct SP45:GFP fusion protein localization and transport
to the surface of mature spore cells are in the SP45 protein
sequence.
DISCUSSION
SP45, a Spore Coat Protein
sp-45 is the first spore coat protein gene to be characterized
in Polysphondylium. The high cysteine content is similar to
that of the coat proteins of Dictyostelium (Fosnaugh and
oomis, 1989a,b, 1991; Yoder et al., 1994). The predicted
olecular weight of the SP45 primary product is 42,743,
imilar to SP60 (46,892) (Fosnaugh and Loomis, 1989b). Be-
ause it has two possible N-glycosylation sites and several
otential phosphorylation sites, the mass of the mature pro-
ein should be larger than that of the primary product.
SP45 and the Dictyostelium coat proteins and their genes
FIG. 9. GFP distribution in Psp-45-sp-45:gfp transformants. Psp-45-sp-
5:gfp contains the full-length sp-45 promoter with GFP fused to
he C-terminus of SP45. Confocal images of three different soro-
ens showing graded distribution of SP45:GFP. (C) Inset: Intensity
rofile vs distance in pixels. Compare to the Psp-45-gfp construct in
Fig. 4 for the expression pattern when GFP is expressed alone. Scale
bar, 100 mm.hare several features. First, all but SP87 contain a string of a
Copyright © 2000 by Academic Press. All rights preceding the first AUG, a characteristic of the transla-
ion start sites of most sequenced Dictyostelium spore
enes (Steel and Jacobson, 1991). Second, they all have two
r three “prespore repeats” (CDNVXCPXGYXCE), and they
re all cysteine rich. Third, they have a small intron located
t the 59 end of the gene, and the first exon encodes a signal
eptide, presumably involved in membrane insertion and
ubsequent localization (Fosnaugh and Loomis, 1989a,b;
ohl and Hamamoto, 1969; Tasaka et al., 1990; West and
rdos, 1990).
By tagging SP45 with GFP, we were able to directly
bserve SP45 synthesis and localization. SP45 is synthe-
ized first at the tight aggregate stage, its production in-
reases with time, and the protein is then packaged into
esicles which remain compartmentalized for many hours
ntil culmination.
West and Erdos have shown that incorporation of spore
roteins into the Dictyostelium spore coat is not cell
utonomous (West and Erdos, 1992). When strains with
ifferent spore coat protein markers were mixed and al-
owed to form spore coat, the marked proteins were incor-
orated into spores from both strains. Using GFP as a
eporter, we also observed that SP45 was secreted into the
xtracellular matrix during culmination (results not
hown). We expect that the population of prespore cells
hich appear not to synthesize SP45:GFP fusion proteins in
hese transformants obtains labeled material from their
eighboring cells and that this accounts for the fact that
ost mature spores show some level of SP45:GFP labeling
Fig. 10D).
SP45 Expression Is Regulated by a Positive
Regulation Mechanism
In this work we analyzed the cis-regulatory elements that
control the expression of sp-45. The results show that
spatial localization, cell type, and expression levels are all
under the control of a small cis-acting region. There does
not appear to be an enhancer-like sequence conferring
regional or cell specificity, nor are there cis-acting negative
elements that repress synthesis in prestalk and stalk cells.
Although the fine structure analysis is not as complete in
Dictyostelium, promoter analysis of several spore and pre-
spore genes also failed to identify negative regulatory ele-
ments (Fosnaugh and Loomis, 1993; Haberstroh and Firtel,
1990; Haberstroh et al., 1991; Yoder et al., 1994).
Our conclusions are further supported by promoter recon-
titution analysis. Thus the 106-bp PRE is able to direct
respore-cell-specific GFP expression at the 40% level
hen fused to a nonfunctional minimal promoter. Cell-
pecific GFP expression could also be driven by the 30-bp
istal positive regulatory element (Fig. 7). We cannot ex-
lude the possibility that this 30-bp fragment might col-
aborate with some sequence elements remaining in the
inimal promoter to achieve prespore-cell-specific expres-
ion. Because this region lacks negative regulatory elements
nd has no cell-type-specific enhancers, the prespore-
s of reproduction in any form reserved.
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93Expression of a Polysphondylium Spore-Specific Genespecific expression of sp-45 must be accomplished by the
distribution of cell-type-specific trans-activators. Thus
sp-45 is likely to be a downstream gene in the spore
differentiation pathway.
The deletion analysis indicates multiple activation sites
in the promoter that can be localized to two separable
regions. One region is the 106-bp PRE (2246 to 2352)
fragment, for deletion of this region abolishes promoter
activity (Fig. 5A). The second region is between 285 and
2246, for deletion of this region reduces promoter activity
by approximately 50% (Fig. 5A). However, this second
region does not have activity by itself (Fig. 5A, PD3), and
thus it may affect promoter function through collaboration
with the PRE. The PRE can be further divided into promoter
proximal, promoter distal, and a short 29-bp interval span-
ning the gap between them. The distal element contains
three distinguishable sequences, a Gr box, a TA box, and a
FIG. 10. SP45:GFP distribution during development. All images w
culminating sorogen illustrating that many cells in the prespore re
stage illustrating that the fusion protein is first packaged in intracel
to the cell surface. (D) In mature spores, the fusion protein become
at the same developmental stage as in C was analyzed under the s
cell surface. (F) A Psp-45-gfp transformant at the same developmental
bar: A, 100 mm; B, 10 mm; C–F, 20 mm.CA box (Fig. 8A). Substitution analysis of these elements
Copyright © 2000 by Academic Press. All rightevealed that mutations in the Gr box and TA box strongly
educed promoter activity, whereas substitution mutations
n the CA box did not (Fig. 8A). These results come as a
urprise, since the CA box (CAACACACA) is similar to the
A-rich elements (CAEs) identified as the main regulatory
lements of spore-specific genes in Dictyostelium. Deletion
nd point mutation in these CAEs caused dramatic reduc-
ion in promoter activity (Fosnaugh and Loomis, 1993;
aberstroh and Firtel, 1990; Haberstroh et al., 1991;
Powell-Coffman and Firtel, 1994; Tasaka et al., 1990).
Whether the CA box plays an essential role in sp-45
expression regulation of Polysphondylium was further ex-
amined by promoter reconstitution experiments. Here an
altered 30-bp fragment, which had the CA box replaced by
AATATCGAT, was inserted into an inactive deletion con-
struct. The imported element restored the promoter activ-
ity to 40% of the wild-type activity (Fig. 8B), the full
taken in both bright field (left) and fluorescence field (right). (A) A
express the fusion protein. (B) A single cell taken from the finger
vesicles. (C) During sporulation, the fusion protein is translocated
orporated into the spore coat. (E) A Psp-45-gfp control transformant
conditions. GFP is not fused to SP45 and it is not localized to the
as in D. Note that not all cells are fluorescent in A and C–F. Scaleere
gion
lular
s inc
ame
stageactivity of the distal PRE. This result confirms that the Gr
s of reproduction in any form reserved.
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94 Gregg and Coxbox and the TA box, but not the CA box, are essential for
promoter activity.
It is a common notion that transcription factor binding
sites are often palindromes. Sequence analysis showed that
the Gr box and the TA box could form a potential 19-bp
palindromic structure. By dissecting the structure and ask-
ing if either half could function independently, we further
investigated whether the potential palindrome is respon-
sible for promoter activity. The results showed that the Gr
box and the TA box could function independently, suggest-
ing that the potential palindrome is not essential for pro-
moter function (Fig. 8B). The fact that substitution of either
the Gr or the TA box caused about 50% reduction of the
promoter activity might be due to the loss of an interaction
with the proximal PRE function (Fig. 8A). In addition to
CAEs, an AT-rich element in the Dictyostelium sp60
promoter has been identified as an essential element for
prespore-specific transcription through interaction with a
G-box binding factor (GBF) binding site (Powell-Coffman et
al., 1994). It is possible that the Gr box and the AT box
escribed above are functionally equivalent to the GBF
inding site and the AT element in Dictyostelium. Further
haracterization of the factors that interact with the Gr and
he AT box will enable us to investigate this hypothesis.
The sp-45 Coding Region Contains Information
Regulating the Graded Distribution
of sp-45 mRNA
The in situ hybridization results show that endogenous
p-45 mRNA distribution is graded along the sorogen body
ith the highest level at the base. Although the sp-45
promoter directs GFP expression with prespore cell speci-
ficity, graded distribution of GFP in the sorogen body was
not observed. However, by fusing GFP to a full-length sp-45
oding region, we could show that the SP45:GFP fusion
rotein was distributed along the sorogen in a gradient,
imilar to the mRNA distribution pattern (Fig. 9). Since the
P45:GFP fusion construct contains the same promoter and
he same 59 and 39 UTR as the Psp-45-gfp construct, the
radient distribution of the fusion gene is likely controlled
y a regulatory element located in the coding region. This
lement apparently regulates the graded distribution of
p-45 expression, but does not affect its cell-type specificity.
n related experiments, Blumberg and co-workers have
ound that there is a negative regulatory element located
etween amino acids 7 and 22 of a Dictyostelium spore coat
ene, sp87. This region is responsible for preventing sp87
xpression in prestalk cells, since a LacZ reporter fused to
mino acid 7 is expressed in stalk and spore cells, whereas
acZ fused at position 22 is expressed only in spore cells (D.
lumberg, personal communication).
Whorl Morphogenesis
In previous experiments using autonomous stalk-cell-
specific markers we were able to show that prestalk tran-
Copyright © 2000 by Academic Press. All rightcription can be detected in the centers of aggregates that
re still actively streaming. These cells form primary soro-
en tips. As cell masses are released at the base of the
ulminating sorogen, expression begins anew when cells
ver the surface of the nascent whorl begin to up-regulate
talk cell genes. With time, synthesis becomes restricted to
he equator of the whorl, and the whorl prepattern breaks
p into radially symmetric patches which define where
orphogenetic movement will begin as secondary sorogen
ips form (Gregg et al., 1996). After the mound stage, there
s little if any cell mixing (Vocke and Cox, 1992), and all of
hese experimental facts are consistent with the view that
horl patterning is strictly dependent on positional infor-
ation.
This interpretation is borne out and extended by the
esults presented here. First, SP45 expression occurs in a
attern complementary to prestalk expression as early as
he mound stage (Fig. 2B). Second, the prespore patterning
rocess in the nascent whorl also occurs as a pathway in
hich patterning is a series of restrictions—regions that
ill become tip and stalk cells which, although they
nitially contain SP45 message, either cease to synthesize it
r begin to turn it over very rapidly—that quickly lead to a
rue prepattern, in which stalk gene expression is partly
efined by the absence of SP45 message. Finally, some cells
hat once appeared fated to become spore cells transdiffer-
ntiate and become stalk cells. This observation is the
bverse of our results with prestalk markers, in which some
ells that first synthesize stalk-specific transcripts become
ature spore cells. It is thus clear that in the later stages of
orphogenesis (at least), positional information governs
he coordinate system that establishes whorl symmetry,
nd cell sorting plays a minor (if any) role. These conclu-
ions also fit nicely with the work of O’Day and Hohl, who
ound prespore vesicles everywhere but in the tip of the
rimary Polysphondylium sorogen (Hohl and Hamamoto,
969; O’Day, 1979).
In summary, we have cloned a Polysphondylium spore
oat gene (sp-45) and studied its regulation in molecular
etail. Our results suggest that sp-45 expression is tightly
egulated during development, responding to positional
nformation. Both spatial and cell-type regulation is under
ositive control. Multiple activation sites are located in a
06-bp fragment between 2246 and 2352. Two adjacent
ssential elements are a Gr box (GTGATATAGTGG) and a
A box (TAATATATT). Each element is able to drive
respore-cell-specific reporter gene expression indepen-
ently when imported into a nonfunctional promoter, al-
eit at somewhat reduced levels. We have also demon-
trated the possible involvement of the sp-45 coding region
n the regulation of gene expression.
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